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16. Abstract

THIS REPORT COVERS THE DESIGN , DEVELOPMENT , AND FIELD
TESTING OF A WIDE APERTURE DIGITAL VOR SYSTEM. THE VOR GROUND
STATION IS IN THE FORM OF 8 CROSSED BASEL IN~ PAIRS OF INTERFEROMETER ~EACH OF THE INTERFEROMETERS PAIRS IS ENERGIZED SUCCESSIVELY BY A SET

1~~OF PULSES AND PHASE SHIFTS. THE AIRBORNE RECEIVER DECODES THE
SIGNALS FROM EACH OF THE INTERFEROMETERS. THIS SET OF MEASUREMENTS
ON EACH AXIS PERMITS COMPLETE RESOLUTION OF AMBIGUITIES AND THE
PRECISE CALCULATION OF THE ANGLE WITH RESPECT TO THE STATION.

THE OBJECTIVE OF THIS WORK WAS THE DEVELOPMENT OF A
SYSTEM THAT WOULD SIGNIFICANTLY REDUCE MAGNITUDE OF SITING ERRORS ,
PROVIDE GREATER ACCURACY AND UTILIZE DIGITAL TECHNIQUES TO
SIMPLIFY PROCESSING. FIELD TESTS OF THE FEASIBILITY MODEL INDICATE
IT IS A HIGH PERFORMANCE SYSTEM CAPABLE OF ACHIEVING AN ORDER OF
MAGNITUDE IMPROVEMENT IN BOTH SITE ERROR REDUCTION AND IN ACCURACY

• COMPARED TO PRESENT VOR SYSTEMS. THE MEASURED ACCURACIES WERE
0.117 STANDARD DEVIATION.

•
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I.

1.0 INTRODUCTION

• Several types of VOR have been developed
during the last thirty years; (1) the conventional VOR;
(2) the Doppler VOR; (3) the precision hiu ltilobe VOR; and
(4) the precision Doppler VOR. VOR receivers , now i n
aircraft , receive the signals from all of the four kinds of
VOR facilities. However , to gain the maximum benefits from
the precision mu ltilobe VOR and the precision Doppler VOR ,
special signal processing must be performed that is beyond
the capabilities of the present day VOR receivers. Also,
in order to use the present VOR bearing information ,
digital airborne equipment require an analogue to digita l
convers ion

The purpose of the VOR , descr ibed in this
report , was the development of a system greatly superior
to any so far developed. The object ives were to reduce
siting errors by an order of 1/10th of those in present
use , provide about 10 times more accuracy, and utilize
digital techniques to simplify signal processing.

Phase I work has led to the development of
a feasibility model Wide Aperture Digital VOR system that
was flight tested to determine its basic perfo rmance
characteristics. The results of these tests has demonstrated
it is a high performance system capable of achieving a 10
fold improvement in both accuracy and site error reductions
as compared to previousl y developed VOR systems. These
tests indicated that the overall system accuracy, including
ground station and receiver errors as well as error

• contributions by the data acquisition , data reduction and
EAIR tracking system is 0.11 degrees standard deviation.
Therefore , the basic objective of this program to develop
a VOR greatl y superior to any so far developed has been
achieved .

Development 0f the ground station electronics
and the airborne decoders followe d an approach based on the

• crossed pair interferometer principle. This is the most
efficient way to use a given size aperture while requiring
a minimum number of elements. Eight crossed pa ir
interferometers are ener gized successively by a set of pulses

t y
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and phase shifts. The time multiplexed signal detected by
the a i rborne rece i ver i s processe d i n a form , where by a
simple digital computer performs the calculations necessary
to define angular coordinates. • An en ti re W i de A per ture
D igit al VOR sys tem was i ns tal led and fl ight teste d at NAFEC ,
Atlantic City , New Jersey.

This report describes the principle s of the
system , it summarizes the equipment design and includes block
diagrams and photographs of all boards and ground station
and ai rcraf t equ ip men t; and di scusses and anal yzes the
perform ance data gathered during the field testing.

a
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_______________  •

1.1 PROGRAM SUMMA R Y

The f l ight tes ts  of the Feasib i l i ty  Model of
the Wide Aper ture Digital VOR system showed it is greatly
superior to any VOR so far developed. Its improvement is
brought about by the combination of usin g an antenna
aperture of 275 feet with digital techniques. The large
aperture has increase d accuracy by 10 times , while the
digital generation of transmitted signals and consequent
digital signal processing results In a simpler and inherently
more stable receiver.

Although siting error tests were not -
included in this test phase , it fol lows tha t the i ncreased
aperture w i l l  reduce e f f ec ts  of siting errors by an order
of magnitude. The usua l errors associated with VOR systems
due to receiver cross modulation , Doppler shifted carrier
and counter poise modulat ion do not exist.

The pertinent characteristics of the
feasibility equipment of the Wide A perture Digital VOR are
summarized.

(1) Measured Accuracy  ( inc l udes the ground s tat ion ,
receiver , EAI R t rack ing radar and data
reduction errors).

Mean 0.04°

Standard Dev ia t i on  0 . 1 1 0

(2) Ground Station

RF Unit 10-1 /2 ”  high x 190 w i d e  xlg t t  deep

Control  10-1 /2 ° high x 19” wide x
Unit 19” deep

Transmi t t ing 17 A l fo rd  Loops• Antennas
c

Aperture 275 feet

- - -~~~~~~ - .11
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(3) Airborne Equipment

Conven tional VOR Receive r (Collins 51R—3 )

Processor Un it
Power Supply Unit

The W id e Aper ture D igit al VOR can be phase d
into operational use in a logical evolutionary development.
Since ft is compatible , It can be coloca ted w ith and made
par t of p resen t VOR sy stems , shar ing the same RF carrier.
Si nce th e prec i s i on information can be ex trac ted from the
audio detected at the IF output of any conventional VOR
rece i ver , it retains full compatibility with existing
receivers. No modifications are required to existing
receiver circuitry , only an additional unit is needed.

Hence , the implemen tation of the Wide
Aperture Digital VOR system can be phased into service
gradually on an as-needed basi s without affecting present
day VOR usage .

a
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1.2 BASIC PRINCIPLES OF OPERATION

The D ig i ta l  VOR deve loped  by A l L is based on
a system of c rossed w ide -base l i ne  in ter ferometers ;  that
measure directly the angles between the line of sight and each
of the two base l ines .  The accurac y of an inter ferometer ,
neglect ing inst rumentat ion errors , but in the presence of
some mul t ipath re f lec t ion  is d i rec t ly  re la ted to the basel i ne
separat ing the sources. However , if the baseline exceeds
one wave length , ambigu i t ies  ex i s t .  These are resolved
through the use of add i t iona l  in ter ferometers , including one
with a baseline of less than one wavelength. In principle,
and if there are no multipath reflections , an interferometer
of less than one wave leng th  base l ine  can reso lve  the amb iguit ies
for any size aperture. Since the presence of some multipath
was a ssum ed , the resolution of ambiguities is done in
steps of 4 to 1. The ground station uses a set of four
interferometers on each ax is  w i th  spac ings  of x / 2 , 2 A
8A , and 32x . An antenna located at the center radiates
the station carrier.

The geometry of a pair of c rossed
inter ferometers does not have radial  symmetry. The output
is f i rs t  der ived  as t r igonometr ic  funct ions of an g le s
related to each of the baselines. The raw data is then
processed by d ig i ta l  techn iques to perform the ca l cu la t i ons• to extract  the required angular coord ina tes .

T h e  m o d u l a t i o n  m e t h o d  i s  s i m i l a r  i n
pr inc ip le to that u t i l i zed  s u c c e s s f u l l y  in CONSOLAN , an
interferometer system w i th  a long and success fu l  record .
Each of the eight in ter ferometer s  is energ ized s u c c e s s i v e l y
by a set of pulse and phase shifts. The set of four
measurements on each a x i s  permi ts  complete  reso lu t ion  of
ambigu i t ies  and the prec ise  ca l cu l a t i on  of the angle w i th
respect  to the s ta t ion .

• The s ta t i on  carr ier  is modulated w i th  a
pulse train , a nominal 3.84KHz repetition rate during the
interferometer transmis s~ion period and a 12.5KHz sinusoiadal
signal during the “dead ” t ime. The RF pu lses  are taken from
a suppressed carrier modulator and applied to the element s
of the interferometers in turn. The center element isa energized with reference carrier only during the outer el ement
excitation and with reference carrier modulated by a 12.5KHz
sine wave during outer element “lead” times.

C.
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The relative phase of the outer elements of
eac h of the i nter ferome ters i s var i ed cycl ical l y and In
op posite directions. The receiver receives a series of
positive (or negative) pulses followed by a series of negative
(or pos iti ve) pu1se~ . The ma i n pur pose of t he pulse Is to
create the detectable dissymmetry that allows discrimination
between positive (narrow) and negative (wide) pulses. The
transition point between the two types of pulses is a function
of the receiver ’s angular position (equal numbers of positive
and ne gative pulses corresponds to a position where the
signals from both elements of the interferometer are In phase).
Each cycle of phase change has a specific number of pul ses
so that the angle measurement is made by pulse count.

As mentioned previously, the Digital VOR
does not measure azimuth angle directly, but requires some
computation to obtain true azimuth. Here we examine the
geometry involved and show the nature of the computation s
that must be made. Assume that the antennas are disposed
along two orthagonal baselines, one running in a north—s outh
direction and one in an east-west direction. Let us denote
the spherical  coord inates by R , A , and E w here R i s s lan t
ran ge , A is the azimuth measured clockwise from north, and
E is the e levat ion  above the hor izon.  We have the relat ion:

X = R S I N  A COS E

Y = R C O S A COS E

Z = R S I N  E

Let us further denote the d i rec t ion cos ines

1 = X / R = COS a

m = Y / R = COS ~
n = Z/ R = COS (

~
w here a an d ~ are the angles between the lines of sight
and each of the two baselines, while ~~— — r is the

~~~ 2

angle between the line of si ght and the vertical. 1 and m
are the quant i t ies  that are measured by the Digi tal  VOR

1-6
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system . A is obtained as follows :

• T A N A = X R X l L~~~COS a
Y R x m  m COS 8

so that

A = TA N 1 
1

Consider a station consisting of three
radiating elements equally spaced on a straight line as
shown in Figure 1-1. Assume that the center element
radiates a constant frequency carrier wave while the outer
two elements radiate a series of pulses at the same frequency.
Let the RF phase of the si gnal applied to the righthand
element be advanced by an amount ~ and let the phase of the
signal applied to the lefthand element be retarded by the
sam e amoun t. Also , assume that the receiver is located at
a distance that is large compared to the baseline
dimensions. The angle between the J ine of sight and the
righthand extension of the baseline is defined as a -
At the receiver then the signal from the righthand element
w i ll be a d vance d an amoun t

e = (2~rd /x) Cosct
due to the geometry of the situation and further advanced
an a mount ~ due to the electrical phasing. The phase of
the signal from the le fth and element will be equal and
opposite . The total signal received is then:

ER (t) 
= E0

.l+M(t)(ex~i (e+~ )+exP_i (e+s)]J.

= E~~i+2M(t)COS(e#Ø).

w here M( t ) , the modulating function , is a string of pulses.

1$ 1-7
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It will be noted that if 9 + 0 lies in the
range between _900 and +900 so that the cosine Is positive ,
the envelope will be modulated by a series of positive
pulses. On the other hand, if the sum 9 + 0 lies in the
ran ge between 900 and 2700 , the envelo pe w i ll be modulate d
by a series of negative pulses. If the parameters of the
modulating pulse train are chosen appropriately, the positive
pu l ses can be heard as a str i ng of Morse co de do ts and the
negative pulses can be heard as a string of Morse code dashes.

• If ~ is fixed , th ere w ill be zones w here dashes ar e hear d
an d zones where dots are heard. Separating these zones will
be rathe r sharply defined regions where the modulation
van ishes and only unmodulated carrier is heard .

Suppose now that 0 is slowly varied from
zero to ~r radains. Depending on the value of 9 we may hear
a series of dashes followed by a series of dots or a series
of dots followed by a series of dashes. For certain
particular values of 9 we may hear only dots or only dashes.
Suppose that we hear dots first and then dashes as in
Figure 1-2(a). At the instant when the dots vanish and
the dashes have not yet commenced , we know tha t the sum
9 + 0 is very nearly 900 plu s or minus some multiple of
3600 . Similarly, if we start with dashes and finish with
dots as in Figure 1-2(b), we know that at the instant the
modulat ion vanishes the sum 0 + $ is 2700 p lus or m i nus
some multiple of 3600 . I f  we know 0 as a function of time
then we can determine 0 with a possible ambiguity of some
multiple of 360°. If 0 varies at a uniform rate and if
th e p ul ses also occur a t a un i form ra te , the meas urement
can be made by merely counting the number of dots and
dashes and noting which are heard first.

Essentially, the Digital VOR coding system
is that described above , with the phase 0 varying from
- i~ through r~ . Although based on the same principle s
2 2

as CONSOLAN , the Digital VOR has significantly expanded
capabilities. Two crossed baselines provide the requi site
data which is generated at a much higher rate . The
counting is done electronically and the ambiguity resolution

ii is done automatically.

1-8

~

T:

~ 

~~~~~~~~ ~~~~~~~~~~~~~~~ I_• .I~ 



For the demonstration of Digital VOR system
feasibility, as noted earlier , the element spacings are 1/2
waveleng ths for the coarse pair , 2 wa velengths for the
med ium (Intermediate) pair and 8 wavelengths for the fine
pair, and 32 wavelengths for the superfine pair.

- 128 pulses at a repetition rate of 3.84KHz
are generated for each complete rotation of 0 through 2 ii
rad ians, or 64 pulses for a 0 change of i~ rad ians.

- 

• Figure 1-3 shows the relative goniometer waveforms and
transmiss ion periods associated with each of the
interferometers. The resolution is then 1 part in 64 for the
direc tion cosine associated with each baseline. The actual
scale fac tor i s de penden t on the an g le , and has a maximum
sensit ivity at a = 900 (when cos a = 0). ‘ The superfi ne
in terferometer pair enables the system to achieve a

- 
• . scaling sensitivity of about 100 electr ical degrees for an

azimu th angle change of 0.01°.
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2.0 HARDWARE DEVELOPMENT

• . In this section , the implementation 0f the
Digital VOR is outlined . Simplified block diagrams are
descr ib ed and the requi red major assem b l ies an d modules to
Im plement the system are listed in associated Equipment
Fam ily Trees.

T he g round s ta ti on p rov id es the a i rcraft
w ith space angular information relative to each baseline;
that i s p rocessed i n the a i rcra ft In terms of an az i muth
an gle relative to the ground station.

The ground station consists of three major
sec ti ons:

Transm itti ng An tenna Arra y

RF Generation Unit

Control Unit

Figure 2-1 shows the station block diag ram
and Figure 2-2 shows the associated Equipment Family Tree.
The equ ip men t un it s , (see Figures 2-3 and 2-4.) are housed
in rack mountable packages with identical outside

• dimensions of 10—1/2 inches high , 19 inches wide and 19
inches deep. During field tests , the units are mounted in
a standard 19 inch equipment rack.

The Dig it al VOR s ig nals are ge nera ted by
the transmitter module and split via the power splitter
into two lines - the carrier and sideband . The carrier
is passed through a phaser unit and fed directly to the
cen ter (carr ier ) an tenna. T he phaser p rov id es for fi el d

• adjustment to phase match the carrier with the sideband
signals.

The sideband signal feeds the goniometer
• - which performs the required phase shifting when rotated .

The goniometer is driven at a constant speed by the synchronous
motor al thou gh it s exac t RPM i s no t cr iti cal as i n th e VOR
or ILS. The goniometer outputs are at 900 relative phase at
the bridge input to each other and are combined in a hybrid

N 2-1
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bridge. Since one of the brid ge legs contain an additional
180° phase shift , the bridge outputs are the sideband signals
that rotate in phase oppos ition. The sideband signals are
routed .to the Control Unit which contains the RF switches .
These switches , under direction by the Control Unit , perfo rm
a dua l funct ion. They route the RF sign als to the
appropriate antenna pair and provide the requisite pul se
modu lat ion of the RF signal.

The encoder generates the basi c timing
signals that are processed to provide the switch control
and pulse mo dula tion signals in the ground station.

The encoder provides basically two signal s -

a con ti nuous pulse tra i n of 128 pulses per revolu ti on and
a reference pulse genera ted once a revolution. The contro l
logic processes the increment pulses to provide the control
gates to step the switches In the proper sequence with the
correct spacing between each step and comp lete frame scans.
The reference pulse is utilized to both monitor the control
logic and to provide the frame reset for every scan.

The con trol unit also contains m odules for
the purpose of monitoring the integrity of the station

• output si gnals; and to simplify routine troubleshooting
and faul t isolation.

The aircra ft Digital VOR equipm ent processes
the series of single cycle pulse modulates sinewaves to
obtain the azimuth angular positions of the aircraft
rela tive to the ground station.

The airborne units, see Figure 2— 5 , cons i sts
of •four major sec tions:

- 

. VOR Receiver

Processor Uni t

Displa y Unit

Power Sup ply

2—2
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Figure 2-6 shows the aircraft equipment block
diagram and Figure 2-7 shows the associated equipment family
tree.

The conven tional VOR audio output feeds the
pulse decoder portion of the processor which determines the

- presence of pulses and their sign (width) - either positive
(narrow) or ne gative (wide). The decoded pulses are routed

• to the appropriate registers corresponding to the specific
transmitting interferometer pair and process the counts to
resolve ambiguities. Next, the arithmetic unit calculates

• the aircraft azimuth bearing angle and provides the bearing
-

- - direction information. The display unit visually shows
the results of the arithmetic computation. -

Additionally, for test monitoring and
eva l uation purposes , built-in monitor circuits are also
provided. These are used not only to monitor equipment• operation , but also provide data for the establishment of
alarm and flag level criteria and a measurement of
detailed system performance. The power supply unit
consists of four commercial DC power supplies mounted on

- a common chassis.

a
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2.1 TRANSMITTING ANTENNA ARRAY

FIgure 2-8 shows the layout of the Digital
VOR station which prov ides prec isio n VOR service to suitably
equipped aircraft. • The p rec i s i on VOR i s based on the use of
crossed basel i ne inter ferome ters re qu i r i ng 1 7 an tenna
elemen ts. Four sets of interferometers on each basel i ne are
used in addition to the center carrier antenna . The precise
value of the di stance be twee n eac h an tenna p a i r is se t to
be 0.5 A for the Inner pair , 2 A for the next pair , 8 x for
the third pair and 32 A for the outermost pair. The small
(4 to 1) ration of baseline spacin gs ensures the i ntegrity
of the ambiguity resolution.

Each interferometer pair consists of two
Al ford l oo p an tennas moun ted on four foo t pedes tals and
fed by two identical coaxial lines. The interferometers on
one baseline must be fed A/2 out of phase with respect to the
interferometers on the other baseline . This is necessitated
by the fact that the goniometer audio phase lags by 180
deg rees dur i ng ever y secon d i nter ferome ter transm i ss i on
(see Figure 1-3).

In or der to mi ni mi ze mutual cou pli ng near
the center of the array, the center antenna Is raised
15-3/8 inches above the top of the sideband antennas. This
height difference is also standard for the 5 loop VOR
Alford Array. During the flight check phase of the program ,
it was noted that the orien tation of the innermost sideband
antennas did have an affect upon the induc ed currents in the
nonradiating pair. For this reason , the antenna orientations
were adjusted for minimum induced currents , which meant
that the transmission line section of all loops , except
for the inner North -South loops, pointed along the magnetic
315 degree radial. The inner North-South antennas were
rotated by 90 degrees from this common position.

F
~
.
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2.2 GROUND STATION RF UNIT

Figure 2-9 shows the RF unit block diagram
and Figure 2-3 shows a photograph of the unit.

The VOR RF s ig na l s ar e genera ted by a
s tan dar d A l L local i zer t ransm itt er module tune d to the VOR
operating frequency. The unit is all solid state and
provides a minimum of 20 watts power. In between sideband
transm i ss i ons , modulated signals are obtained by the use
of electronic keying of a tone oscillator. The tone on the
RF carrier is obtained by amplitude modulating the

• transmitter during the “dead -time ” between sideband
transmissions. A Colpitts oscillator provides a 12.5KHz .
tone. It Is gated by the same control pulses that set the
state of the two 9 position antenna selector switches in
the contro l unit. When these switches are in their “dumm y

-
• load” position , the oscillator -output is gated and

amplified to modulate the RF transmitter output. The
oscillator, gate control logic and audio power amplifier ,
are mounted on a single board assembled into the chassis
of the RF unit.

The RF generated by the transmitter module
is passed through a low pass fi l ter into a power divider
that consists of a coaxial TEE and a hybrid bridge. By
varying the length of the coaxial lines feeding the bridge ,
it Is possible to obtain the desired division of carrier
to sideband power. The carrier is passed through a
wattmeter element and a phaser unit before being fed to

- 
• the center (carrier) antenna . The phaser provides for

• field adjustment to phase match the carrier with the sideband
signals.

The sideband signal is routed through an
isolator to the goniometer. Isolation of the sideband
and carrier signals is required due to the mismatch that - 

-

exists at the goniometer input. Without the isolator , this
mismatch would cause a low level 30 hertz modulation of the
carrier signal , which would i ntroduce distorti on at the
receiver and affect system accuracy. The goniometer is
driven at a constant speed by a synchronous motor although
its exact RPM is not critical as in the VOR or ILS. The
goniometer outputs are the sine and cosine function s
varying at a 30 hertz rate. These are at 9Q0 relative phase
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at the bridge input due to an extra x/4 line length in
the sine function output leg. Since one of the bridge legs
con tains an additional 1800 phase shift, the bridge outputs
are th~ sideband signals that rotate in phase opposition.
The sideband signals are fed to wattmeter elements after
which they are routed to the Control Unit for switching.

- - The enco der , dr i ven by the same sync h ronous
mo tor as th e gon i ome ter , generates the basic timing signals
that are processed to provide the switch control and pulse
modula tion signals in the ground station. This unit is a

• 
- com pac t o pt ical ro tary i ncremental encoder that genera tes 

- 
—

256 continuous pulses per shaft revolution on one output
and one pulse (zero reference) per shaft revolution on a.
secon d output. All encoder output pulses are TTL compatible.
The encoder operates off a +5VDC supply located in the
Con trol Unit.

T he RF un it fron t pane l con ta i ns a meter
for monitoring the +28VDC supply and one common wattmeter

• for measuring either carrier, sideband I or sideband II
powers. On ON/OFF circuit breaker controls , the application
of 115VAC to the goniometer motor and the power supplies in —

both the RF and Control Units.

a
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2.3 GROUND STATION CONTROL UNIT

Figure 2-10 shows a b lock diagram of the
Control Unit and Figure 2-4 shows a photograph of the unit.

The encoder output is routed to the Count
Contro l logic section which controls the status of the two
9 position Antenna Selector Switches , the two position RF
Phase Con trol Sw it c hes , an d the Pulse Count Monitor. The
Decoder logic sequentically, via the Count Contro l , steps
the antenna selector switch position and routes the sideband
RF energy to the appropriate pair of antennas. For routine
maintenance and initial installation adjustments , the -

antenna selector switch position is indicated by the
illumination of associated lamps on the Control Unit front
panel.  Addi t ional ly ,  proper operat ion of the swi tch
contro l logic is cont inuousl y ver t i f ied  by the swi tch
drive monitor. In the event of malfunction , the alarm lamp
is i l luminated . The Pulse Count Monitor counts and ver i f ies
that the correct number of pu lses  are produced for each
complete t ransmiss ion cyc le .  A pos i t i ve  ind ica t ion  is
provided with the front panel indicator flashing on
momentarily and then extinguishing at the start of the
following cycle.

The two goniometer outputs are routed to
the positive and negative sideband antennas through the
phase control switches. During the pulse duration , the
an tennas are excited by an inphase RF signal. During the
time between pulses, the Phase Control switches route the
out—o f-phase RF signal to the antennas. Each output
port of the antenna control switch is passed through an
RF detector. The detector output feeds a bank of test
points on the front panel so that the signal to any one
antenna can be visually monitored via an oscilloscope.

The Contro l Unit front panel is shown in
Figure 2-4. The power ON/OFF switch turns on the local
power su pplies and also energizes the shaft encoder in the
RF Genera tor Unit. Under normal operation , the BIT
(Bu ilt-I n-Test) switch deactivates the test generator. In
the test mode , t he encoder ou tp uts are b loc ked an d the
Bu ilt— In-Test generator supplies simulated encoder pulses
in its place so that troubleshooting can be accomplish ed
independently of the RF Generator Unit.

- ~~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~
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The Mode swi tch  sets the operat ional status
of the station. In  N O R M A L , the antennas are automat ical ly
ener gized sequentially. In MANUAL, the specific antenna
pair dialed by the associated switch will be continuously
energized. The .iwitch cycle lamps indicate the particular
antenna pair being energized at al l times regardless of mode.

The test meter and associated selector switch
are used to indicate internal supply voltages. Critica l
internal test signals are brought out to the panel test
points so that performance and operation can be checked
without opening the unit.

For rou ti ne ma i ntenance , a SCAN PER IOD 
-

switch is used to set in the number of pulses generated per
complete frame period. The switch would normally be set
to 1663, one less than 1664 which is the number of pulses
in a frame . The di f ference occurs because the f i rst pulse
presets the counters and is not included in the total count.
In conjunction with the built-in-test generator , this
switch is used to gate a specific number of pulses through
the control circuitry for hel p -in troubleshooting proced ures.

The two alarm indicator lights are located
at the top of the panel. The Count Alarm Monitor counts
the number of encoder pulses in the frame and compares it
to the number dialed on the “SCAN PERIOD ” switch. I-f the
count i s equal , the light will momentarily blink
indicating norma l operation. Since there are approximately
3 comp le te frame scans per second , the light will blink at
a similar rate. If pulses are missing, the steady blinking
rate will be absent.

- 
The SWITCH ALARM light is unlit when the

antenna switch drivers are operating correctly. If there
are extra or missing switch control pulses in any period ,
the light is illuminated and stays on until manually
reset by the RESET control button located beneath the lamp.

4
.
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2.3.1 CO UNT CO NTROL AND DE CODER LO G IC DETAILED DI SCUS SION

Figure 2- 11 draws the b lock  diagram of the
count contro l and decoder sec t ions  of the Control  Unit.
This c i rcui t ry is located on boards Al and A2 in the Control
Unit c h a s s i s .  Photographs of these boards are shown in
Figure 2 - 12 and 2-13 respec t i ve l y .

The detai led operat ion of the count ~c o n t r ol
and decoder logic follows. An optical shaft encoder is
dr iven in synchr -onizat ion w i th  the goniometer .  The encoder
A channel prov ides 256 incremental pulses for each
revo lu t ion wh i le  the B channel prov ides 1 reference puls •eper revo lu t ion .  The incremental pulses are routed to a
d iv ide  by two counter in order to obtain the desired 128
pu lses  per revo lu t ion .  Next the pu lses  are shaped in a one—
shot mul t iv ibra tor  to a 1/3 duty cyc le  so that negat ive and
pos i t i ve  pu lses may be recognized.  The mu l t i v ib ra to r  output
is routed through an OR gate to a counter and an AND gate.
The other input to the OR gate is from a Bu i l t - In-Test
Generator  module that s imu la tes  the normal encoder s i gna l s .
The Control Units can, therefore , be checked out and
mainta ined independent of the RF Uni t .

The incremental  counter essen t i a l l y  prov ides
three outputs; one every 64 counts corresponding to the
length of a space between t ransmiss ions , one every 128
counts corresponding to the length of a transmission , and
one every 192 counts corresponding to the length of a
s-pace between a complete set (8) of transmissions. The
eight position antenna selector switches are governed by
a 4 bit binary to 16 line decoder , whose odd numbered output
lines (8 in total) select a particular switch position
when in a high state . The even numbered output lines do
not activate the antenna selector switches and represent
the spaces between transmissions.

In order to obtain the correct control
sequence for the antenna selector switches , the decoder is
stepped by an antenna selector counter via an OR gat’~. The
antenna selector counter receives its input from a 3 input
NAND gate whose output goes high at the completion of either
a space (64 pulses), a transmission (128 pulses), or a
long space (192 pulses). This is accomplished by taking the
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64, 128, and 192 count outputs from the incremental counter
and feeding them separately to 2-input NAND gates where they
are combined with appropriate NAND outputs fed by the
decoder . Thus, for the “ s pace ” , the 64 count output from
the incremental counter is combined with the output from
the 7 input NAND gate representing the 7 even lines in the
decoder output. With any one of the decoder 7 even lines low,
the input to the 2 input NAND gate will go high and stay
high until the 64 count output from the incremental counter
goes high. At this point , the antenna selection counter will
receive a pulse by the way of the 3 input NAND gate , which
in effect , steps the decoder to an odd output line. In a
similar fashion , the 128 counts from the incremental counter
are combined with the odd line outputs of the decoder by .
the way of an 8 input NAND gate to signal the end of an
an ten na transm i ss i on an d a d vance th e deco der to an even
output line. Finall y, the 192 count output from the AND
gate is combined with the last line of the decoder (#16)
via an inverter to signif y the end of a “long space ” .

The antenna selection counter is reset each
13 revolutions by the revolution counter which feeds off
the encoder reference pulse channel . T h e r e  a g a i n , as i n
the case of the incremental pulses , the circuit may be
checked out i n  t h e  a b s e n s e  of an encoder by the built—in-

• test generator , w h i c h  generates its own reference pulses
via an OR gate.

To activate the tone generator in the
transmitter module during the sideband antenna “dead”
times , it is necessary to provide a composite signal
representing the time s between transmissions. This is
done by adding the 7 input NAND gate output (64 count
spaces) to the decoder #16 output (192 count space) in a
NAND gate with appropriate inverter gates at the inputs
and outputs.

The control for the two -position phase
reversal switches is derived from the incremental pulses.
During the antenna transmission cycles, one switch output
is activated by the incremental pulses high state and the
other output by the pulses zero state. An AND gate , fed
by the identical signal going to the transmitter tone-keyer

a 
and the incremental pulses provides this required signal.
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The antenna se lec to r  sw i tches  may also be
cont ro l led manual ly  through a f ront panel d ig i ta l  swi tch

• allowing any one of the 16 decoder output lines to be chosen.
This is made poss ib le  because an OR gate feeding the decoder
inputs accepts  an input from ei ther the antenna sel ect ion
counter or from the front panel mounted binary sw i t ch
depending on the position of the AUTOMATIC/MANUAL switch.

2.3.2 BUILT-IN-TEST GENERATOR

• Figure 2-14 shows the block diagram of the
— Built -In-Test Generator. The major portion of the generator

circui t ry is located on Control  Unit Boa rd A4 , s h o w n  i n
Figure 2—1 5.

A unijunction relaxation oscillator generates
the 3.84KHz square wave. Two potentiometers near the top
of the board allow for adjustment of pulse width and
frequency. The oscillator stage is followed by a transistor
ampl i f ie r  stage that d r i ves  a one-shot  mul t i v ib ra tor  which
gives the pu lses  a 1/3 duty cyc le .  The output of the one-
shot provides the incremental test pulses while a divide by
128 counter provides the reference test pulses.

2.3.3 PULSE COUNT MONITOR

Figure 2-16 shows a block diagram of the
Pulse Count Moni tor .  Components assoc i a ted  w i t h  th is
circuitry are mounted on Board A2 shown in Figure 2-12.

• Th is  monitor accepts  as an input the
-• 

incremental  pulses provided by either the encoder or the
test generator .  The pu ls es  are fed into a p reset tab le

• down counter. A ma nual front panel binary switch selects
the number of pulses that the counter will be preset to
(1663 for a four speed system). The actual presetting of
the counter is done by the reference pulses coming from
either the encoder or the test generator. If the correct
number of pulses have been counted down in one frame
p e r i o d , the terminal count output of the counter momentari ly

• changes the flip - flop output to a high state. The
succeeding one-shot stage stretches the pulse to about 200 Ms

2— 11

_ _ _ _  - - — -s--__- - - - - - - - -

-- —-- -~~~~- — -— —.- -~~~~ -~~~~ 
---- — -  - — m — ~~~~ -•- -~~



F - - •~~~- _ ! _;i~_ i~
•i--

~
•— —-- --- — ------ - -

width so it may be observed vi sually on the LED display.
Hence , during norma l oper ation of the ground station , the
pulse count monitor LED lamp produces a steady blinking light
as lon g as the correct number of pulses are counted.

2.3.4 -SWITCH MONITOR

Figure 2-17 shows the block diagram for the
switch monitor. The major portion of this circuitry is
located on Board A3 shown in Figure 2-18.

This card monitors the contro l sign als to
the an tenna selec tor sw it ch es dur i ng each transm i ss i on
cycle and illuminates a front panel LED if the signals are
not normal.

Each of the eight control signals used to
drive the two antenna switches feed individual D-type
flip-flops. The outputs of the eight flip -flops drive an
eight input NAND gate which in turn feeds a counter. By
feeding the counter outputs through appropriate decoding
NAND gates , a one-shot is activated whenever the total
count within a frame deviates from the number eight. The
flip -flops are reset by the inverse of the control signal.

• A manual clear front panel button allows resetting of the
one-s hot and LED after an alarm condition.

~~~~~~~~~~~~~~2~~2 
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2.4 AIRBORNE E Q UIPMENT

The a i rc ra f t  Dig i ta l  VOR equipment processes
the series of single cycle pulse modulated sine waves to

— obtain the azimuth and elevation angular positions of the
aircraft relative to the ground station.

The feasibility model aircraft unit consists
of two major sections -- a processor unit and the power
supply unit.

• The processor unit also contains the control
display panel mounted on the c h a s s i s .  A removeable plate
on the front panel allows access to internal test points ,
and control functions necessary for routine maintenance ,
performance monitor ing and ad jus tments .  The power supply
unit contains commercial power - supplies that convert the
aircraft A .C. power into regulated D.C . voltages required
by the airborne equipment.

The D ig i ta l  VOR equipments are mounted on
a common pa l le t  f i t ted  w i t h  shock mounts to minimize shock
and v ib ra t ion  e f f ec t s .  Figure 2-5 shows photographs of
the processor (left) and power supply (right) units without
covers .

See Figure 2-19 for a block diagram of the
airborne processor. The conventional VOR audio output
feeds the pulse decoder directly. The pulse decoder board ,
see Figure 2-20 , examines the input and determines the
presence or absence of pu lses  by time d i sc r im ina t i on
techniques. Since the pulse width of the desired signals
are known , 87 usec for a narrow pulse and 174 usec for a
wide pulse , discrimination circuitry is set to extract
only pu lses  w i th  these nominal w id ths .  Rather than depe n~1
on the absence of a va l i d  s ignal  to s ign i fy  the “dead-t ime ”
between sideband t ransmiss ions , a pi lot  tone , no t
harmonical ly related to the bas ic  pulse rate , is transmit ted
during this period. It is detected in the receiver and
inhibits the pulse detection function thereby elimi nating
the generation of false data pulses in the “dead -time ”

- 

• period. At very low RF levels , where the pilot itself is
not detected , the signal/noise ratio is so low that the
processor is correctly rejecting all data as invalid and
prov id ing a f lag i nd i ca t i on .
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In addition , the pulse decoder module
provides gate signals indi cating the pulse type (narrow or
w ide ) received first , when da ta i s b e i ng rec ei ved and the
fi el d an d frame mar k s ig nals between an tenna t ransm i ss i ons
and the end of a complete transmission cycle.

The pulse decoder feeds the ambiguity
resolver boar d , see Figure 2-21 , which counts the number of
positive and negative pulses individually. In practice, an
equal number of positive and negative counts can be
expected to be “ los t” . Therefore , provided that the number
of positive and negative pulses are nominally equal and an
acceptable total number of pulses have been received , an
“averaging ” process will correct and add in the missing
counts. The VOR processor has the capability to set in
var io us t h res hol d leve ls  so th at sys tem per formance , during
the flight test program , can be- analyzed . After the
avera gi ng p rocess , the counts are temporarily stored in a
RAM (Ra ndom Acc ess Memor y ).

Upon completion of a frame period , the
total number of field transmissions are noted. A ground
station with four interferometer antennas per baseline will
generate eight field transmissions and a three cpeed
system will generate six fields. Depending on the number
of fields, the ambiguity resolver will accordingly extract
the tem pora r i ly stored counts and process them to obtain
the direction cosines with the correct scaling for each of
the baselines. The degree of correlation between adjacent
interferometer pairs are examined in the abmiguity resolver
to verify the quality of the data . In an ideal error free
situation , there is an exact relationship between the pulse
counts associated with each interferometer pair. The
magnitude of the variation from the ideal is monitored
against a threshold level. As before, the threshold is
adjustable so that operation of performance under various
conditions can be analyzed .

The direction cosines are fed into the
bearing computation circuitry made up of two modules —-
Bear ing and Calculator units. The calculator module , see
Figure 2-22, contains standard calculator chips that per-forma the arithmetic operation of division to obtain the tangent
of the azimuth angle. The Bearing module (see Figure 2—23)
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conta ins the logic that man ipu la tes  t h ’  information for
transfers to and from the interface m odule, ca l cu lat or module
and the deviation module.

The-deviation module , see Figure 2-24, performs
the arithmetic operations to obtain the difference between
the OBS command and the actual bearing and feeds the result
to the interface module. The interface module , ~ee Fi gure 2-25 ,
provides the necessary operations to tie in the display/
contro l panel and convert the digita l data to analog format
for norma l VOR display .

- The timing and control module , see Figure 2-26 ,
is the control which generates the basic contro l signa l s for
transfe r and computation cycles in the processor unit.

The Digital VOR processor control /display
panel is shown in Figure 2-5. -The two microammeters
indicate the norma l VOR outputs of deviation and AGC currents.
The aircraft angular postions in azimuth are presented as
direct numeric readouts. The TO/FROM bearing direction is
indicated by the illuminated LED indicator.

The OBS is d i rec t ly  set by the three
decima l digit switch. The MANUAL/AUTO toggle switch
contro l is placed in the MANUAL position for norma l VOR
operation; and the deviation is directly related to the
di f ference between the OBS se t t ing  and the bear ing.  This
is quite sufficient for flight tests along radial paths.

For test flights involving orbits around
the station , it is desireable to provide an OBS input
that would continually step in the orbit direction. This
would reduce the maximum dev ia t i on  ind ica t ion  and permit
a more meaningful analysis of system performance to be
made. The AUTO position does this. In this mode , the
dei vation is continuously monitored , and when it exceeds
a given value , the internal OBS command is incremented
to a new angle ahead of the receiver bearing. Therefore ,
the recorded deviation outp ut will display a “saw- tooth”
shape and vary between two relatively small values. This
permits a fine grain evaluation and determination of
course bends and system accuracies. 
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The Digi ta l  VOR processor a larm threshold
con trols are not required for unit operation. Therefore ,
they are recesse d and covered by the remov ab le p la te moun ted
on the -lower part of the front panel.

2.4.1 PULSE DECODER

The function of the Pulse Decoder is to
analyze the incoming detected audio produced by the
convent i onal VOR rece i ver. Am plit ud e , pulse width
discrimination and pulse correlation techniques are used to
ex tract only valid signals and reject noise. When valid
inputs are detected, the pulse decoder provides normalized
logic level pulses and gates to the digita l processor
section; that , in turn , performs the ambiguity resolution ,
the computation of bearing and elevation angles , and
also provides a deviation indication relative to an OBS
input bearing.

The general blo~ k diagram of the pulse
decoder is shown in Figure 2-21. The conventional VOR
receiver output at the final IF stage is detected and
routed to the Pulse Deocder input. Since the detected audio
is at a D.C. level due to the receiver ’s internal bias
network, the pulse decoder input amplifier is capaci tively
coupled . After amplification , the pulse amplitude modulated

• sine wave feeds a comparator. The comparator refDrence
input is at ground , therefore , the comparator output switches
states as the input passes through zero volts. The Figure
2-28 shows the typical input signals, both narrow and wide ,
and the associated comparator outputs. Hysteresis is
incorporated in the comparator to reject -noise signals.

- The pilot tone modulation for the transmitter
during the dead -time between sideband transmissions requires
a filter , amplifier, and inhibit gate generator for proper
processing. A high pass 6 pole Butterworth filter rejects
the fundamental pulse frequency and noise below 12 KHz.
Additionally, the notch filter ensures that the low order
harmonics of the pulse rate are rejected. The amplifie r
produces an output sine wave only when the pilo t tone Is
transmitted. As the amplifier output goes through zero at
the start of the positive half cycle , It triggers the
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comparator , that in turn t r iggers a Ret r iggerab le  Mul t iv ibrator .
The normal period of the multivibrator is slightly greater
than the pilot tone period so that as long as the pilot is
present, the multi is enabled providing the requisite inhibit
gate. • 

-

In order to determine the presence of a valid
inpu t pulse , both edges - leading and trailing - of the pulse
must be detected. Essentially, the leading edge of the pulse
causes a narrow delayed window , centered around the expected
time of the trailing edge , to be generated. If the trailing
edge does fall i n thi s w i ndow , then a valid pulse is

• indicated . Two such wi ndows would be generated , one for
the narrow and another for the wide pulse. If noise , that
may be present on the pulse, causes th e lead i ng ed ge to
jitter and fall below the amplitude threshold momentarily,
the time delay circuitr y is reset. This ensures that the
window will only be generated -after a valid pulse leading
edge. See Figure 2-28 for the timing relationships.

Referring to Figure 2-27, we see that gate
Gl p rov i des the dela yed w i ndow for th e narrow puls e
extraction , and similarly gate -G2 provides the window for
the wide pulse extraction. Note that for the wide pulse
case , gate Gl is generated too , but no output is produced ,
s i nce the pulse ’ s trailing edge does not fall within this
window.

When the comparator output is high , the
counter is enabled and trigg ers Gl just prior to the time
of the trailing edge of a narrow pulse. If the comparator
out put remains hi gh , Gl times out without producing an
outpu t. Just prior to the time of a trailing edge of a
wide pulse , G2 is enabled. If the comparator output drops
during the G2 w indow, an output indicating the presence of
a wIde pulse is produced. Again , i f the compara tor ou tput
rema i ns h i gh , G2 times out. The time delay counter some
ti me later automat ica l l y rese ts and locks up it s zero
state. It should be noted that at any time the comparator
output drops to zero , the time delay counter Is reset.
The time delay sequence is onl y enabled when the comparator
changes from its low to a high output state.

Ga tes Gi and G2 establish Flip-Flop 1 state
• 

accordingly to provide a gate that indicates whether a
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narrow or wide pulse has been detected. Also, their outputs
are rou ted through an OR gate to provide a single count
pulse source that is further processed before being fed to
the digital processor section.

To eliminate the unlikely but possible
erroneous detection of the start of a count cycle due to a
transient, that may have a pulse shape characteristic
similar to a valid input pulse , either narrow or wide, the
initial detected pulses are further processed to verify their
validity. The first two pulses received must meet basic
preselection criteria before being further processed. If
their characteristics are not satisfactory , they are
rejec ted.

After the initial amplitude and pulse
width discrimination filtering, - the spacing between the
pulses is examined. Since the desired input signal

- - characteristics are well defined , both pulse width and
repetition frequency, the delay of the second pulse after
the first is known. If a second pulse is not present
when expected , the first pulse is rejected , and no output
is provided to the digital processor. When the first two
pulses do satisfy the basic criteria of amplitude , pulse
width and pulse spacing, then and only then is it
determined that a valid signal has been received . However ,
further monitoring to verify that the correct number of
pulses are received, that there are equa l narrow and wide
pulses , etc., is still continuously performed to assure
integrity of the final processed data.

Due to this correlation process of the first
two pulses, the first pulse would not be counted . This
is compensated by a counter in the digita l processor
starting at a count of one rather than zero when counting

• the number of pulses received .

The count pulse feeds the correlator
circuitry . It enables time delay counter 2 which , in turn ,
opens gate 3 at the time the following pul se is expected .
If the initial pulse was due to a transient that had the

I 
~~- - nominal characteristics of a valid input signal , a secon d

pulse will not be present. Therefore , gate 3 does not
produce an output signal to the digital processor.
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However , when valid inputs are received ,
the second pulse is routed through gate 3 and sets flip-flop
2. When set , the flip-flop generates a valid data present
gate , DPG , that triggers the digital processor section to
initiate its functions. The data present signal also gates
the normalized count pulse -, DPV , via gate 4 to the ambiguity
resolver in the digital processor and flip - flop 3 to
ind icate whether a narrow or wide pulse occurred first. As -j
men ti oned earl ie r , note that the first pulse sent to the
digita l section is actually the s2cond valid pulse received.

Each DPV also resets time delay counter 3
used to generate field and frame pulses fed to the digita l
processor .  Af ter  f i e l d  t ran smiss ion , s ign i f ied by no valid
input to the receiver , time delay counter 3 produces a
field pulse , FLD. It occurs 7 milliseconds after the last
DPV pulse. After a complete frame , the time delay counter 3
produces a frame pulse , FRA , about 30 milliseconds after
the last field transmission. Since the spacing between
successive fields within a frame is 16.7 milliseconds , the
FRA is only provided during the 50 millisecond spacing
between fram es.

2.4.2 DATA AVERAGER -AMBIGUITY RESOLVER

Each data field transmitted by the ground
station defines a location relative to the specific antenna
pair on one of the interferometer base l i nes .  The proper
combination of data fields defines a unique bearing.

The data f ie ld  is demodulated w i t h i n  the
standard VOR receiver and the pulse decoder board of the
processor  as a ser ies  of w ide  and narrow pu lses .  The
ground station transmitting characteristics are such that
theore t i ca l l y ,  the total number of wide pu lses and the

• total number of narrow pulses within any single data field
should be 64. Depending on the receiver location, the
demodulated data field will produce one of the following
sequences of wide / narrow data pu lses:

a) 64 wide pulses fo l l owed by 64
n a r r o w  p u l s e s
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- b) “a ” wide pulses followed by 64
narrow pulses fo l lowed by “b”
wide pulses where a + b = 64.

- c ) 64 narrow pul ses fo l lowe d by 64
wide pulses. -

d)  “a ” narrow pulses fo l lowed by 64
wide pulses followed by “b” narrow
pu lses where a + b = 64.

Thus , each data field consists of a combination of 128 wide
and narrow pulses.

As d iscussed in the previous sect ion , t h e
fol low i ng s ig nals are genera ted i n the pul se decoder
sec ti on: -

a) DPV (a “ string ” of pulses (~~~l28)
for the duration of the data field).

b) NPG (a “1” for narrow data pulses).

c ) NPF (a “1” when the first pulse in
a fi el d i s narrow).

d ) DPG (a “1” during the data field).

e) FLD (a 200 usec pulse delayed
6.4 msec from the end of each
data field).

f) FRA (a 200 usec pulse delayed 32
msec from the end of a date frame).

See Figure 2-29 for a block diagram of the
• Da ta Averager -Ambiguity Resolver.

The input data gate circuitry routes the
DPV data pulses to either an up or down counter whenever
the data present signal (DPG) is high. In parallel with
this , the count control circuitry synchronizes the DPG, —

DPV , NPG , NPF , FLD , and FRA s ig nals from th e pulse decodera to i nterna l ph ase c l ocks an d genera tes con trol ga tes for
th e coun ters , adder an d RAM (random access memory).
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The counter controls consist of signals that
first preset the down counter to 63 and the up counter to 0
during each field mark and then enable the down counter at
the start of the DPG signal. The counter enabl i ng signal is
subsequently removed from the down counter when the NPG signal
changes state and the equivalent of 64 data pulses are allowed
to pass before the up counter is enabled by another change in
the NPG state. Disabling of the up counter is accomplished
w hen th e DPG 1 gate goes low . In this fashion , we have counted
the number b = (63 - a) into the down counter and the number
b + 1 into the up counter. Since 63 - a = b , we are
compensating for lost pulses near the pulse decoder zero
crossings when we add the two counter outputs in the full
adder that follows and take the output as (63 - a) + b. -

2
T he narrow puls e fi rs t (NPF) s ig nal causes an ex tra 64 to
be added to the adder output. This corresponds to a total
count range of 0 to 127 with 0 to 64 representing cases
where the data field starts out with wide pulses first and
65 to 127 representing cases with narrow pulses first. With
this technique , we have uniquely identified any combination
of narrow/wide pulses within a complete data field.

The averaged data from the adder output is
stored in a ran dom access memor y w hos e read/wr it e comma nd s

• are controlled by the count control circuitr y . The data
Is “written ” into the RAM in the order from coarse to
superfine each time a field mark comes along. Depending
on the number of antennas used in the ground station
either 8, 6, or 4 fields will be stored.

The ambiguity resolver uses the finer
resolution data associated with a particular antenna
baseline to correct the coarser data . Thus , in a four
speed system the superfine data corrects the fine data ,
the fine data corrects the medium data and the medium data
corr ects the coarse data . Depending on the number of
fields of data transmitted , a cycle number is established
in the count control circuitry . This cycle number by the
wa y of th e RAM ad d ress con trol d e term i nes th e d a ta readou t
commands to the RAM .

S
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The data from the RAM is transferred in
parallel to the ambiguity resolution algorithm circuitry .
The superfine data is transferred directly into the 13 bit
shift registers used for tempora ry storage. A multiplexer
through a command from the N-S , E-W resolution control enters
this data into an adder. Next, the fine data from the RAM
multiplied by 4 is entered into the other input ports of the
adder. The output of the adder is obtained as

~~FINE — ~su pER FINE by taking the l’ s compliment of

128
~SUPERF INE and adding 1 to give a binary number equal to
-
~SUPERF INE • In order to round off the adder output to the

nearest whole bit, we feed the sum back to the adder input
where we add 1/2 to it and then take the 3 most significant
bits and store them into the “ FINE” and one half of the
“MEDIUM ” shift register. At this point we have the corrected
fine data available in the shift registers. Carrying on
the algorithm of 4fn - fn-l on the next set of coarser

128
data; medium , and then finally the coarse data we will end
up with the complete resolved data for one baseline in the
shift registers . After loading this data into the cosa
output register , the resolver is ready to perform similar
operations on the data obtained from the other baseline
(N-S). The resolved data for the N-S baseline is then also
entered into the cos ~ register after its previous contents
has been shifted into the cos 8 register by appropriate
com mands from the N— S , E-W resolu tion control section.
Data resolving in 2 and 3 speed systems proceed in a similar
manner with the RAM address control automatically making
adjustments in its read/write address to compensate for
“missing ” data fields.

Two opera ti ons are per formed on th e da ta• in the cosine registers. First , the data is serially
shifted to the right 2 bits for a 3 cycle (6 data fields)
transm i ss i on , or 4 bits for a 2 cycle (4 data fields)
transmission. Second , the two direction cosines (N-S and
E-W) are compared in magnitude. This is done by an end
around shifting of the data to the right by -16 bits. In
thi s manner , the data bits are compared from most
significant bit to least significant bit. When an inequality
is detected , the relative mangitudes are established and the
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compar ison s topped.  By being sh i f t ed  16 b i ts , the data is
returned to i ts or ig ina l  l oca t i on  in the reg is te r .

- T h e  - output mu l t i p l exe r  se lec t s  the larger
d i rec t ion  cos ine to be read out f i r s t  to the tangent
computa t ion  c i rcu i t ry . The larger d i rec t ion  cos ine  goes in
the denominator so that the tangent computat ion is performed
over a 0 to 45 degree sec to r  where the numbers invo lved  are
f in i te .

2.4 .3  BEARING COMPUTATION

See Figure 2-30 for a b lock  d iagram of the
bear ing c a l c u l a t i o n  c i rcu i t ry . The d i rec t ion  cos ine  data
from the ambiguity reso lver  are app l ied  to one of the
inputs of the d i rec t ion  cos ine / oc tant  address mu l t ip lexer .
Prior to pass ing  through the d i r ec t i on  cos ines  th is
mu l t i p lexe r  se lec t s  the oc tan t  co r rec t i on  address .  The
reason for this is that the tangen t computation is
performe l on 0 to 45 degree sec to rs .  Th ere are e ight
sectors and the appropriate sector is determined by the
octant  decoder .  The oc t ~iflt decoder  log ic produces the
octant  address  based on c o n d i t i o n s  p laced  on the coarse
E-W and N—S data field narrow pulse first signal and the
r e l a t i ve  magni tudes of the E — W and N—S d i rec t ion  cos ines .
Th is  is the address  of the l oca t i on  in a programmable
memor y (PROM ) wh ich  con ta in s  the b inary number cor respond ing
to the octant  co r rec t i on  in degrees to be added to the
O to 45 degree sector to g ive  a bear ing between 0 and
359.9  degrees.

The oc tant a dd ress i s t rans fe r red  to a
binary counter by the way of the m u l t i p lexe r , and s tored
in the memory address bu f fe r .  There , it addresses  the
PROM and the oc tant  co r rec t i on  data is rea d out of the
PROM and stored in the octan t correction buffer storage.

After  the octant cor rec t ion  has been
stored , the d i rec t ion  cos ines  are t ransfer red in para l le l
via the mult iplexer into the binary counter. The binary
counter is used to convert the binary direction cosine
data into binary coded decimal - (BCD) for operational use
in the tangent calculator. This is accomplished by

4 ,
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counting the binary number down to zero as a BCD counter is
counted up. The count pulses are generated in the Tan A ,
cos ~ , cos ~ BIN/BCD contro l circu itry .

The input to the TAN calculator is routed
through the TAN calculator load register with the numerat or
entered first from most significant digit to least
significant digit. Then the divide command , the denominator
most significant digit to least significant digit , and
finally the equal command . The contro l for data read in
and read ou t of th e TAN ca lcu l ator are genera ted by th e TAN
calcu lator R/I-R/0 control , which feeds the calculator input
multiplexer. Two 4 bit serial shift registers wired as a
ring counter determine the 8 states for controlling the
tangent computation. The operation taking place during
each state are listed below .

STATE O PERATION -

1 a) Reset TAN calculator.

b) Parallel load numerator (cos a
or cos 8 ) into binary counter.

2 a) Convert binary direction cosine
( a or 8) into BCD.

b) Parallel load calculator load
register with BCD direction
c o s i ne ( n u m e r a t o r  ) .

3 a) Enter BCD direction cosine
- (num era tor) i nto TAN ca l cu l a tor.

b ) En ter TAN c a lcula tor “divide ”
comm and.

c) Parallel load denominator (cos a
or cos 8 ) i nto binary counter.

S

2-24

— ___ _. —- - -—.- .--— — —- - - - — - - - - —--- - - - -—-— --- - - -_ —--—••--•——-.—- - - -- - - — -——— — - — —  

— __s 
~~~~ — —•-- — - _z_____ ---.— - - -.--- —-- -- :~~-~— — - ~~ 

-- —-—-----



STATE OPERATION

4 a) Convert binary direction cosine
• 

- 
( a o r  8 ) into BCD.

b) Parallel load calculator load
register with BCO direction cosine
(denominator).

5 a) Enter BCD direction cosine
(denominator) into TAN calculator.

b) Enter TAN calculator “ equal”
command.

6 a) Readout tan J~ from TAN ca l cu la to r
into BCD counter.

7 a) Convert tan 
~~ 

from BCD to binary .

- 

- 
8 a)  Reset  TAN c a l c u l a t o r  R h - Rb

con t ro l s .

b) Load binary tan A into memory
address buffer.

The TAN calculator consists of a 10-digit
- :  decima l arithmetic processor chip with external interface
- - circuits. The processor chip is an MOS/LSI digita l

(buildin g block designed to process numerical data) in
BCD format.  It performs the most commonly required
arithmetic operations, and numbers up to ten digits can be
processed in under 100 milliseconds. Functions that the
processor will perform may be classified into three types;
arithmetic , register , and internal control (housekeeping ).
The timing of the data entry and control is determined by
the enable input in con junc tion with the status outputs.

- 

~~1, Data entry is poss ib le  during the READY mode only.  The
- :~ 

processor  w i l l  ignore inputs when performing an opera t ion .
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Da ta in puts are c ha nged eac h ti me the proce ssor goes from
the READY to the BUSY state until the entire sequence is
completed. The serial data input line requires its
information in the form of a serial five -bit word. Four
bits are used as data/instruction code and the fifth bit as
con trol. The control determines whether the four-bit code
is interpreted as data or as in instruction.

Part of the PROM fed by the memory address
buffer is an Arc—tangent look —u p table covering the sector
of 0 to 45°. Tangent (in binary notation addresses the
PROM resul ting in an output (in binary form. Since
covers •only 0 to 45°, the ration cos a or cos8 is set up

cos 8 C O S a
so that the numerator is always the smaller number. This
means the bearing subangle (with no octant correction)
should be read out as either ~~or 90- ~ depending on
whether cos a or cos 8 is in the numerator. Figure 2-31
and the accompanying table show the - relationship between
the bearing angle A and ~~~~ .

The binary number ~ and the octant  correct ion
from the PROM are fed to an adder /subtractor whose output
is (n-45 ± (). The decision whether to add or subtract
the subangle ~3’is determined by the octant location which
is obtained from the octant decoder. The whole number part
of the bearing angle A is in binary form , 9 bits;

2° - 28 while the fractional part of the angle has 6 bits ;

2~~ - 2 -6 . Only the bits 28 to 2~~ are loaded into the
bearing binary counter.

2 . 4 . 4  DEVIATION COMPUTATION

See Figure 2-32 for a block diagram of the
deviation computation circuitry. Deviation is computed
between the time the binary bearing is output from the
adder/subtractor of the bearing calculation circuitry and
the time this binary bearing is converted to BCD. The
deviation is the difference between the front panel OBS
(Omni Bearing Selector) thumbwhee l input and the computed
bearing angle. This difference is obtained as follows .
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The decima l OBS thumbwheel input is
transferred as three BCD digits to the OBS update counter.
The fu•nction of th is counter is to permit the OBS input to
be changed automatically so that the deviation does not
exceed a preset l imit if the front panel OBS control switch
is set to the “automatic ” position. With the OBS control
switch in the “manua l” position , the decima l OBS thumbwheel
input passes throu gh the update counter unaffected . From
the OBS update counter , the OBS is transferred to the OBS
BCD counter. As this counter is counted down to 0, the OBS
Binary Counter is counted up. The clock pulses for the
binary to BCD and BCD to binary conversions are generated
in the Central Control Timing circuitry. -

Af ter  the OBS data has been conver ted to
binary in the OBS Binary Counter , it is compared aga ins t
the binary bearing data.  If they are not equal , a
dev ia t ion  e x i s t s .  The magni tude of th is  dev ia t i on  is
determined by taking the difference between the bearing
and the OBS. This is accomplished by counting down the
OBS Binary Counter while the Deviation Display Counter is
being counted either down or up until the comparator
senses an equality between the OBS and the bearing. The
Deviation Display Counter is first counted down from 0
to -90. At -90 , a comparat or causes the Deviation Counter
to be counted up toward s +90. At +90, a second comparator
causes the counter to be counted down to zero . Deviation
in the range of 0 ±900 are represented as a “ FROM ” s igna ls
while 1800 ±900 dev ia t ions  are represented  as “ TO ” s igna ls
by way of independent front panel LED i n d i c a t o r s .  Logic
gating generates an out of range deviation for the front
panel meter whenever the d e v i a t i o n  exceeds 15-J_ ~i 

from
• 0 or 1800 16

For example , if the bear ing should happen
to be greater than the OBS , the OBS Binary Counter w i l l
count down to 0, reset to 359 , a n d  c o n t i n u e  c o u n t i n g  down
until its output equals  the bear ing.  At  th is point , the
Deviation Display Counter stops counting and the whole
number part of the deviation is transferred from this
counter to the deviation buffer. The fractional part of

the deviation (2-1 - 2 ) comes d i rec t ly  from the PROMS of
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the bearing ca lcu la t ion  circuitry and are stored in the 4
least significant bits of the Deviation Buffer.

The Deviation Buffer drives a data converter
to generate an analog voltage corresponding to the deviation.
This analog deviation passes through a circuit with a
variable time constant, and a second circuit with a variable
gain before driving the deviation meter on the front panel.

The Bearing Display Blanking Circuitry
determines if the change between successive bearings exceed
a preset limit. This is done by counting the pulses to the
BCD bearing counter in a separate threshold counter. For

• each bearing, the output of the deviation threshold counter
is examined to see that it lies within a thumbwheel
threshold. When the deviation threshold limit is exceeded ,
the bearin g LED display is blanked and the bearing output
buffer load is inhibited if Sl8 is in the down position.
With Sl8 in the up position , all bearing readings are
displayed.

2.4.5 FRONT PANEL -

The front panel contains the displays,
con trols , and test points related to the Digital VOR. See
F igure 2-25 for the VOR Processor Control Panel .

a) Deviation

A microammeter (Ml ) displays ±
- 

- I deviation with two possible sensitivities:

(1) 1 uamp = 10 deviation when Sl6 is
in the X l  position (down). The
maximum range is then =+15-l5/16° .

( 2 )  1 uamp = 0.10 deviation when Sl6
I- 

i s  i n  t h e  X l O  position (up) the
maximum range for this setting is —

+1.6°.

The time constant of the signal to the
deviation meter is controlled by switch S15 and potentiometer
Rl for a given setting of Sl5. Rotating Rl changes the
time constant between the indicated limits.
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b) TO/FROM Indicators

The TO / FROM (DS 1 , 3S2) lights
indicate If the bearing deviation
from th e OBS se tti ng i s on course
or 180 ° off course.  Table
i l l u s t r a t e s  th is .

T A B L E

TO(DS 1) FROM(DS2 ) DEV IAT ION(ua )

Bearing = OBS OFF ON 0

Be~r1ng = OBS + 180° ON 0FF 0

Bearing = OBS + 10° OFF ON +10

Bearing = OBS - 10° 0FF ON -10

B e a r i n g  = OBS + 180 ° +100 ON 0FF - 10

Bearing = OBS + 180° - 10° ON 0FF +10

c) Bear i ng

DS3 through DS6 presents  a 3 digit  +
decima l fraction of Bearing angle
from 0° north heading. If Sl8 is
d o w n , e a c h  bearing measured will be
d isp layed.  If Sl8 is up, only
those bearings which differ by less
than the threshold of Sl7 will be
d isp layed.  The d isp lay  w i l l  be
blanked for all others.

-

- -
, 

d )  AGC

Meter M2 is a monitor of the receiver
AGC vo l tage .
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e) Flags

• The f lag display l ights operate in
- conjunct ion wi th  var ious thresholds

establ ished by thumbwhee l swi tches .
See Table .

TABLE

FLAG 
• 

DESIGNATION TH UMBWHEEL CONDITIONS FOR FLAG

Da ta DS 9 - Da ta not presen t~

Coun t DS 1O — 
- Light will be going

on and off at a
s teady ra te w henever
rece i ver i s p rocess i ng
da ta.

U p/ DS11 Sl2 Difference between
Down num ber of w id e pulse s

and number of n a r r o w
• pu lses is greater

than thumbwheel• se t t ing .

Resolut ion DS 12 S7 Ambig ui ty  reso lut ion
correc ti on g rea ter
than thumbwheel

F .  set t ing.

Deviation DS13 Sl7** Change In successive
bearings is greater
than thumbwheel
set t ing

System DS14 Any pr evious flan ON.

N 
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M I N I M U M  M A X I M U M
C Y C L E  RESOLUTI ON RANGE

4 - - 0.20 3.0°

3 0.4° 6 0°

2 0.80 12.0°

e) OBS

Thumbwhee l swi tches SI , S2 , and  S3
enter the OBS data . The OBS is
compa red wi th  the bearing to
generate deviat ion.  The OBS update
swi tch (S4) in the MANUAL posi t ion
means that the deviat ion is based
on the OBS set into the thumbwheel .
With the OBS update swi tch (S4) in
the  AUTO p o s i t i o n , the OBS is
automatical ly updated (by 2° if
S1 4 Is down or 4° if S14 is up)
If the deviat ion exceeds 1° or 2°

• that the deviat ion is maintained
less than or equal to +1° or +2°
correspondingly.

p
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3.0  F I E L D  TEST P R O G R A M  
-

-

3.1 • INSTALLATION AND PRELIMINARY CHECKS

The Wide Aperture Digital VOR system equipment
was delivered to NAFEC , Atlantic City, New Jersey in
August 1975. The ground station , shown in Figure 3-1 , was
insta l led at the old MOPTA R s i te ,  which is a flat 300 foot
diameter asphalt surface with a centrall y located equipment
pit. The terrain beyond the asphalt surface is fairly
level i• n the northern direction while it drops off sharply
some 10 f ee t  towards the south. Gentl y rolling terrain
characterizes the airport property in general. -

As shown in Figure 2— 8 , an equipment pit,
about 4 feet deep, 3 feet wide and 10 feet long is located
on the 90° radial with respect to North. Because the
East medium antenna would “fall” over the pit , if the
baselines were positioned in the conventional North/South -

East/West directions, the axes were rotated 45 degrees.
Accord ing ly ,  the rece iver  was programmed to compute the
bearing for this orientation .

The t ransmi t t ing antennas , shown in Figure
3-2 , standard A l fo rd  VOR Loop antennas , were  m o u n t e d  on
four foot aluminum pedes ta l s .  These were attached to
s q u a r e  c o n c r e t e  filled wood form s that rested directly on
the asphalt. All antenna cables were routed to the
ground station equipment p it.

After  comple t ion  of the ground s ta t ion
ins ta l l a t i on , the rece i v i n g  eq uipment was i ns ta l l ed  in a
van with a telescoping antenna. Ground checks and
phasing adjustments were made at a minimum of 1000 feet
from the station. The system performance was checked at
surveyed points around the trans mitting site.
Concurren tly, the NAFEC data i nterface and recording system
was installed and checked out.

• Prel iminary flight checks were held in
December 1975 to qualitatively verify overall ground -airborne

• system operation and to completely check out the data
- . recording system. This  record in g system provided a

sync h ronous recor d o f key internal a i rc ra f t  rece iver  processor
s i gnals , VOR bearing output and data from the NAFEC EAIR
radar tracking facility.
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Analys is  of ear ly  f l ight check data indicated
the receiver provided erratic bearing readout information
at certain angular sectors (primarily around 135 and 315
degrees). The great majority of these were directly
traceable to the i nner (coarse ) s i deb and an tenna trans mi ss i ons
by analysis of the “an tenna count” data. During the
an tenna i ns tal la ti on , the positioning of the antennas were
made by measuring from the physical center of each of the
antennas , which is not necessarily equlvalant to the

— el ectrical spacing. Indeed , the data showed that the
electrical spacing between antennas was greater than the
physic al dimensions would indicate . Othe r contributions to
the problem were induced parasitic currents due to the -

very tight spacing of the coarse antenna cluster.
Subsequent adjustments of antenna phase , i nner antenna
spacings , and antenna orientations to each other corrected
the earlier problems of erratic readings. The remaining
antennas were not touched after their initial installation.

It should be noted that no averaging or
filtering of the raw data was performed In the
computations. Each bearing readout calcu lation is based
on just one complete ground station cycle. In other words ,
the bearing computations are completely independent of
each other. This was purposely done so that basic
performance characteristics of the system , on a independent
cycle to cycle basis , would be obtained , without masking
of any raw data anomal i es.

3 .2 DATA PROCES S ING A N D TEST INSTR UMENTATION

• F i g u r e  3-3 shows a typical computer print
out page. The NAFEC clock time representing the specific
time of recording the data Is shown in the lefthand
column. Miscellaneous analog outputs representing devia tion
and rece iver AGC are under IANO and IAN1 . The primary raw
data of pulse counts from each antenna pair are l is ted
under AC 1 through AC8. AC 1 , AC3 , AC5 , and AC7 represent
t he  s u p e r f i n e , fine , m e d i u m , and coarse antenna pairs
along the East / West  ax is  (N-E ax i s ,  see Figure 2 -8) .

• S imi lar ly  AC2 , AC4 , AC6 , and AC8 represent the corresponding
• pulse counts from the antenna pairs along the North/South axis. H

/

/
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The resultant ambiguit y resolution computation
i s shown in the cos I and cos 2 columns ;  where cos 1 is the
result of the computat ions from the data of AC 2 , AC4 , AC6 ,
and AC- 8 and cos 2 is the resul t -  of the computat ion from the
data of Ad , AC3 , AC5 , and AC7 . Because of the serial
transfer and timing of the receiver data to the data
acquisition system , the receiver bearing output data
associated with the cos 1 , cos 2 data is printed on the
following line. The associated merged EA IR data, translated
to the Digital VOR axis , representing aircraft slant range ,
azimuth and elevation are also listed in the computer print
out. -

3.3 TEST RESULTS

The quant i ta t i ve  test  data pres ented herei n
were co l l ec ted  from orbi ta l  test f l ights  on July 12 , 1976
and an earlier radial , for which merged EAIR data was

• a va i lab le , f l ight f lown on May 5 , 1976. The orb i ts  were
at 6 and 12 s lant  mile range , and at about 5800 feet
altitude . The data shows that the system errors were
about 0.11 de grees standard dev ia t i on  under a l l  t es t s .

The az imuth error was computed d i rec t ly  by
tak ing the d i f ference between the VOR bear ing output and

• the corr esponding EAIR re ference bear ing.  As noted ear l ier ,
no f i l ter ing or averag ing  of the resu l ts  was performed .
The resul ts  for the tes ts  are summarized be low:

TEST MEA N S T A N D A R D  D E V I A T I O N

• 6 mi le orbi t  .047 0.11

- 
12 mi le  orbi t  .035 0.11

• Radial  .04 0.10

The 360 degree error p lo ts  for the orbit
tes ts  are shown in Figures 3-4 , 3-5 and the radial  test
in Figure 3-6.

a
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- Unfortunately, a d irect plot of the data was
not ava i l ab le .  Consequent ly,  quite arb i t rar i ly  the 360°
azimuth error p lots  were generated by sampl ing the last  l ine
of data on each computer print out page. The validity of
this statistical sample was verified by taking a second set
of samples from a line in the middle of each page and
comparing the s ta t i s t i c s  of the two samples .  This second
set had a mean of 0.30° and standard deviation of 0.091°
which compares very c lose ly  with the mean of 0.035° and
standa .rd deviation of 0.11 for data presented.

Overal l , the error plot-s over the 3600
azimuth show a slight cycling tendency, and generally a , -

random distribution each side of the mean. However , the
spacing of these data samples will not uncover any higher
frequency error components.  Therefore , further analys is
was made by examining the continuous output of the VOR
over several small azimuth sectors .

The se lected sectors are rep resen ta t i ve -o f
the poss ib le  mode s of system operat ion.

1. Cross ing  an antenna basel ine
(225 ° rad ia l ) .

2. Cross ing  a 45 degree octant
boundary (180 ° rad ia l ) .

3. Remaining w i th in  an oc tant .

The typical computer print out page shown
in Figure 3-3 , descr ibes a 25 second period of the 12 m i le
orbit covering the sector from 59.65 degrees through
66.05 degrees. Its error plot is shown in Figure 3-7.
Here , It is readilly apparent that there is a high
frequency error component w i th  about a .23 degree peak to
peak value . The mean value of the error in this sector
is -0.04° with a standard deviation of 0.077°. The
corresponding data for the 6 mile orbit is also shown .
Its mean is 0.102 with a standard deviation of 0.077.

a
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The radial  f l ight , supposedly  on a constant
r a d i a l , actua l ly  dev ia ted  from the ~,ta rt ing 182 degree
radial and f in ished at the 180 degree rad ia l .  Consequently,
a direct azimuth error plot as a funct ion of range is
misleading since the errors as a function of azimuth angle
are significant ly greater. Therefore , -Figure 3-6 shows two
plots; one for the combined error (due to both range and
azimuth )  and secondly ,  w i th  the error due to the range alone .
The latter curve is generated by taking the difference
between the 12 mile orbit results and the radial at these
an gles. Esse ntially, it is the difference between the two
curve s shown in Figure 3-6 describing the errors in the
178/184 degree sector. -

In this sec tor ,  the mean and standard
dev ia t ions  are:

TEST MEA N STANDARD DEVIATION

6 mile orbit .13 .04

12 mile orbi t  .10 .10

Radia l  .04 .10

Finally, Figure 3-7 d i sp lays  the 6 and
12 mi le orbit performance in the 222 /227 degree sect or
as t he  a i rcra ft crosses an an tenna b as eli ne.

3.4 TEST ANALYSIS

Al though the bas ic  ob jec t i ves  of the f l ight
tests  have been accomp l i shed , that is demonstrating that
the Wide Aperture Dig ital VOR has provided the 10 t i m e s
more accurac y ,  the fact  that the error p lo ts  d isp lay
n o t a b l e  c y c l i c a l  c o m p o n e n t s , ind ica tes  that system
perfo rmance can be further improved.  Genera l ly ,  a cyc l i ca l
charac te r is t i c  is a st rong ind ica t ion  that i ts source is
due to some system equipment or configuration percularities
that can usually be corrected.
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As noted , system goals  were achieved even
with these cyclical errors . Thus , no attempt was made to
modify the feasibility equipment to eliminate the
systematic errors.  - However , an analysis of the system design
points out several critical areas , discussed below , that
could produce these types of er rors .

The expanded error p lo ts , about the 60 /66
degre e 178 / 184 degree and 222 / 229 degree sectors , show
similar cyclical errors with a nom inal 1.8 degree azimuth
period and a peak -peak value of about 0.2 degrees. It has
twice the frequency of the electrical cycle generated by
the superfine interferommeter pair .  This type of cyc l ica l
error arises when a bias exists in the time measurement
c i rcu i t ry .

The poss ib i l i t y  of this kind of error wa s
di scusse d in Quarter ly Report A248- Q4 . Because the p ulse
decoder input circuit uses a comparator referenced to
ground , changes in the capacitively coupled detected audio
output of the VOR receiver would change its effective
threshold l eve l .  The changes may ar ise due to the assymetr ica l
pulse modulat ion of the sine wave that var ies  w i th  azimuth of the
aircraft; and also , audio envelope distortion that can
introduce an e f fec t i ve  DC leve l  shi f t .

Laboratory tes ts  showed that  an error of
0.084 degrees could be introduced. However , it was
concluded that because the error was quite small , further
design effort to eliminate this effect was not warranted .
Even now , considering the operational accuracy already
ach ieved , there does not appear to be a compel l ing  reason
to further reduce the system errors.

- A factor  cont r ibut ing to the s ing le  cyc le
error may be a va r i a t i on  in e lec t r i cal heights between
the superfine antennas, as “seen ” by the aircraft , as it
moves around the ground station. The fundamental
measurement made is the direction cosine defined by the
angle made by the intersection of the axis joining the two
antennas with a line from its midpoint to the aircraft.
The ax i s  must be para l le l  to the surface of the earth ,
otherwise an error will be in t roduced as the a i rc ra f t  moves.
Because the superf ine antennas are loca ted  near the periphery
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of the circular area , it is poss ible t iat the two antenna
heights may appear to vary electrically at different azimuths
and elevation. This results frori tne different and
changi -ng ground planes between each antenna and the aircraft
as it changes pos i t ion .  Normal ly ,  the d i f fe rences  on
ground p lanes are impercept ib le , but aga in  it should be
no ted  t h a t  sources of extremely small errors (under 0.1°)
are being explored. The magnitude of the height variations
under cons idera t ion  are found by observ ing  that the superf ine
antennas are spaced 275 feet (32 >-. ) and a 3 inch d i f ference
in height might produce a +0.05 degree cyc l i ca l  error.  

-

S im i la r ly ,  the ini t ial  pos i t ion ing  of the
ground s ta t ion antennas can be a source of error .  The -

al ignment of the antenna axis is w i th in  +0 .03 degrees of
nominal .  Normal ly,  an inconsequent ia l  error , b u t  a g a i n
s ign i f i can t  in compar ison to the measure resu l t s .

Another poss i ble fac tor  may be v e r t i c a l
polarization effects due to radiat ion from the vertical
antenna suppor ts .

Finally , the test instrumentation including
the data acquisition and EA IR tracking radar effects must
be taken into account. The EAIR has a 2 sigma tracking
error of 0.088° azimuth an d 0.05 degree elevation which
are not an insi gnificant percentage of the observed errors
in the test data.

The last  test  o rb i ts  desc r i be d  were made
w i th  the f inal  con f i gura t ion  of the ground s ta t ion
antennas;  and a lmost  a l l  e r ra t i c  read ings were e l im ina ted .
H o w e v e r , o c c a s s i o n a l l y  s ing le readings due to some
t rans ient  noise and obv ious ly  incorrect , d isp lay ing  large
bear ing errors wou ld  occur .  As has been s ta ted , the
c a l c u l a t i o n  of the bearing is made on a cyc le -by -cyc le

- - bas is  w i t h  no f i l te r ing  or averag ing .  Therefore , an
b erroneous count , in any one of the 8 a n t e n n a  c o u n t  i n p u t s ,

would produce an error , for the a s s o c i a t e d  bearing
ca l cu la t i on ;  wi th  the magni tude of the error dependent on
the particula r antenna pair in error.

a
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The erroneous indication can be easily
prevented by a simple predicti on or averaging circuit. The
c o m p u t e r  print out (Figure 3-3) for the antenna counts
shows that successive antenna counts can be readilly
predicted by its past history. Within limits , the next
a n t e n n a  c o u n t  c a n  be e s t i m a t e d  by taking the difference
betwee n its present and the immediately preceding readings ;
and then adding th~ d i f f e r e n c e  to the present reading. If
the following reading is significantly different than
expected , then the estimated value would be used in the
calculations. If the differences consistently exceed the
predeterm i ned limit , an error flag would be generated .
The flag wQuld inhibit bearing readout and alert the
operator that erroneous data is eithe r being received or
that an internal rece iver  fa i lure has occurred.  Wi th  the
ready ava i l ab i l i t y  of mic roprocessors  and per ipheral
memory IC ch ips , the circuitry to accomplish this is
re la t ive ly  tri v ia l .

The possibility of “locking on ” to a
wrong bearing indication is totally eliminated by the
ambiguity resolution process that is repeated independently
for each t ransmiss ion  cyc le .  If noise , under low s ignal
strength condi t ions , induces erroneous counts , the
accumulated numbers from cycle to cycle would differ; and
the error f lag ,  d e s c r i b e d  a b o v e , would be produced.

In summary , several  system areas have been
i d e n t i f i e d  t h a t  c o u l d  a c c o u n t , either ind iv idua l ly  or in
some c o m b i n a t i o n  for the systematic errors that have been
observed.  The design mod i f i ca t ions  to further increase
system accuracy  are we l l  w i th in  the s ta te -o f - t he -a r t .
H o w e v e r , as has been repeatedly mentioned , the magnitude
of the errors are quite small; and they are apparent ly
within the accuracy requirements needed by a new
generat ion VOR to meet the needs for p rec is ion
nav igat ion  for the 1980 per iod and beyond.
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4.0 CONCLUSION AN D RECOMMENDATIONS
- The .purpose of the work described by this

report was to obtain a VOR that is greatly superior to any
so far deve loped.  The tes ts  have proven the feasibility of
the Wide Aperture Digital VOR in meetin g this objective .
In  p a r t i c u l a r , an improvement in accuracy by approximately
10 t imes over present VOR ’ s has been demonstrated with
residual system errors of 0.11 degr ees.

- T h e r e f o r e , as a resu l t  of this work , a new ,
r e l i a b l e , a n d  useful technique has been demonstrated.
Further , the FAA should continue to work w i th  the ex is t in g
feas ib i l i t y  model to:

1. furthe- r delineate basic system
performance

2. determi ne effects of siting factors
such as size and orientation of
reflecting objects

3. verify Wide Aperture Digital VOR
compatibility with existing VOR

- - systems by installing Wide
Aperture Dig ital VOR g r o u n d
station at existing VOR site and
operat ing 4 t  on same VOR channel

- 
.

- f r e q u e n c y

4. meas u re system performance with
- 

- o n € — h a l f  the numbe r of an tennas.
This would reduce the number of

- antennas from 17 to 9. E.g.,
the interferommeter pairs would
each cons is t  of one antenna plus
the control  carr ier  antenna

5. use a v a i l a b l e  higher powe r VOR
r — t ransmit ter  to increase range

a 6. - in tegra te  on R- NAV computer w i th
the D ig i ta l  VOR rece iver  and
demonstrate operat ion over
prescr ibed pa ths .
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Concurrently or after addi t ional  data on
system performance has been obtained:

1. inves t iga te  and modify equipme nt
to correct the def ic iencies noted
e a r l  i e r

2. add processing c ircuitry in
receiver to provide fi ltering and
short term averagin g of raw data
to enhance re l iabi l i ty  and accuracy

- of the VOR bearing indicat ion

3. Study monitoring methods. -

Finally, the system should be insta l led
and tested at a known poor s i te  like Rikers Island , New
Yor k.

a
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